We studied the relief of water stress associated with fruit thinning in pear (Pyrus communis L.) trees during drought to determine what mechanisms, other than stomatal adjustment, were involved. Combinations of control irrigation (equal to crop water use less effective rainfall) and deficit irrigation (equal to 20% of control irrigation), fruit load (unthinned and thinned to 40 fruits per tree) and root pruning (pruned and unpruned) treatments were applied to pear (cv. 'Conference') trees during Stage II of fruit development. Daily patterns of midday stem water potential (Ψ stem ) and leaf conductance to water vapor (g l ) of deficit-irrigated trees differed after fruit thinning. In response to fruit thinning, g l progressively declined with water stress until 30 days after fruit thinning and then leveled off, whereas the effects of decreased fruit load on Ψ stem peaked 30-40 days after fruit thinning and then tended to decline. Soil water depletion was significantly correlated with fruit load during drought. Our results indicate that stomatal adjustment and the resulting soil water conservation were the factors determining the Ψ stem response to fruit thinning. However, these factors could not explain differences in daily patterns between g l and Ψ stem after fruit thinning. In all cases, effects of root pruning treatments on Ψ stem in deficit-irrigated trees were transitory (Ψ stem recovered from root pruning in less than 30 days), but the recovery of Ψ stem after root pruning was faster in trees with low fruit loads. This behavior is compatible with the concept that the water balance (reflected by Ψ stem values) was better in trees with low fruit loads compared with unthinned trees, perhaps because more carbon was available for root growth. Thus, a root growth component is hypothesized as a mechanism to explain the bimodal Ψ stem response to fruit thinning during drought.
Introduction
Shortages of irrigation water in fruit orchards usually occur during the peak of the hot season, which is before fruits of semi-late maturing species, such as peaches, pears and apples, and late-maturing plum cultivars have reached commercial size. When plant survival or yield is threatened by severe water shortage, crop success may depend on the ability to adjust commercial practices. In the case of threats to plant survival, severe pruning is the recommended practice (Proebsting and Middleton 1980) . During less severe water shortages, fruit thinning is an effective means of improving fruit growth between the end of irrigation and fruit harvest (Lopez et al. 2006) .
Fruit thinning has two positive effects: (1) it reduces fruitto-fruit competition, thereby improving fruit size at harvest (Johnson and Handley 1989 , Berman and DeJong 1996 , McArtney et al. 1996 , Wünsche and Ferguson 2005 ; and (2) it may improve tree water status during drought (Berman and DeJong 1996 , Naor et al. 1999 , 2001 , Naor 2004 , Marsal et al. 2005 , Lopez et al. 2006 .
The most frequent explanation for improved tree water status after fruit thinning invokes the fruit sink effect on carbon feedback of leaf assimilation capacity (Crews et al. 1975 , DeJong 1986 , Wünsche et al. 2000 , which may, in turn, reduce leaf conductance (g l ) and water vapor transfer (Berman and DeJong 1996 , Marsal and Girona 1997 , Wünsche and Ferguson 2005 , Reyes et al. 2006 . Reducing g l and transpiration, with all other factors involved in the plant hydraulic system remaining equal, could explain the increase in leaf water potential in accordance with the analogy to Ohm's law (Naor 2006) . In addition, a reduction in g l , as a consequence of fruit thinning, could promote soil water conservation, which would slow soil drying. However, the interpretation of experimental results can be deceptive because leaf assimilation may vary with plant phenology, each stage of which has different demands for carbon (Chalmers et al. 1975 , Crews et al. 1975 , DeJong and Goudriaan 1989 . An example of these difficulties was observed in the growth patterns of peach trees which varied greatly with phenology (Zucconi 1986) . Similarly, Lopez et al. (2006) were unable to establish the reasons for improved tree water status after fruit thinning because time after fruit thinning was correlated with increasing sink strength during Stage III of peach fruit development.
A less tested hypothesis to explain improvements in plant water status following fruit thinning involves the root system.
The relative increase in carbon availability after the elimination of fruit sinks could enhance root growth (Williamson and Coston 1989 , Palmer 1992 , Marsal et al. 2003 , Yamane and Shibayama 2006 by allowing greater exploitation of soil water.
Although the positive implications of fruit thinning in promoting fruit growth when irrigation plus effective rainfall was less than crop water use (deficit irrigation) are not in doubt, we do not fully understand how fruit thinning improves tree water status. For instance, Lopez et al. (2006) observed a time lag between fruit thinning and a positive effect on tree water status. A better understanding of this mechanism could increase precision in the application of effective fruit thinning in commercial orchards.
The specific objective of this research was to study the pattern of tree water status of deficit-irrigated trees after fruit thinning during a period of relatively constant fruit sink strength. We chose pear (Pyrus communis L.) trees for this study because mid-season maturing pear cultivars have a long phase of sustained fruit growth (Stage II of fruit development; Bain 1961 , Westwood 1978 ) and a carbon demand for growth that remains relatively stable for more than 2 months. This facilitated assessment of the time lag in responses to fruit thinning. We also investigated the role of stomatal adjustment, soil water conservation and growth of the root system in the response of tree water status to fruit thinning. The role of the root system was qualitatively assessed by modifying root system size by root pruning.
Materials and methods

Experimental plot
The study was carried out in 2006 at an experimental pear (Pyrus communis cv. 'Conference') orchard in Lleida (41°37′ N, 0°52′ E; Spain) at 260 m a.s.l. The orchard was planted in 1999 at a spacing of 4.0 × 1.6 m. The trees were grafted on dwarfing quince rootstock (M-A) and trained to a central leader system. The orchard was automatically irrigated on a daily basis by a drip irrigation system with two drippers per tree (4 l h -1 per dripper). There was a single pipeline per tree row, which was located close to the trunk. Irrigation requirements were calculated on a weekly basis by a water balance technique (Allen et al. 1998) to replace the water consumed by the trees; effective rainfall was subtracted from crop water use (ET c ). Crop water use was calculated as ET c = (ET o )K c (Allen et al. 1998) , where ET o and K c represent the reference evapotranspiration and crop coefficient, respectively. The orchard was managed according to commercial practices. No commercial hand thinning was applied in May to permit a broader range of fruit load conditions.
Applied treatments
Ten combinations of irrigation, fruit thinning and root pruning were applied. Two irrigation treatments were applied: full or control irrigation (CI; equal to crop water use less effective rainfall) and deficit irrigation (DI; equal to 20% of CI). The DI treatment was initiated at the onset of Stage II of fruit development (June 9) after withholding irrigation during the first week of Stage II. Trees in each irrigation treatment were either unthinned (NT) or thinned (T) on one of two dates during Stage II of fruit development; at the onset of Stage II and midway through Stage II (July 9). Stage II was split in two substages, each lasting about 1 month (Stage IIa from June 9 to July 10, and Stage IIb from July 10 to August 10). Fruit thinning reduced the mean crop load from 165 fruits tree -1 (above the commercial crop load) to 40 fruits tree -1 . The roots of unthinned trees and trees thinned at the onset of Stage II were pruned (P) or unpruned (NP) mid-way through Stage II (July 9). The trees subjected to fruit thinning on July 10 were not root pruned. Root pruning was carried out by a modified chiesel plow that allows cuts to be made 40 cm from the tree trunk, to a depth of 40 cm. Cuts were made on both sides of each tree.
Experimental design
A randomized complete block (three block-replicates) design was used. Each experimental block was surrounded by a pollen compatible cultivar to facilitate fruit set. Each plot consisted of three rows of six trees, with the four central trees forming part of the experiment and the exterior trees serving as a buffer. Four trees at the middle of the middle row were monitored for fruit growth and yield and physiological measurements were made on the two trees at the center of the row.
General measurements
Midday stem water potential (Ψ stem ) was measured weekly with a pressure chamber (Model 3005; Soil Moisture Equipment, Santa Barbara, CA). Readings were taken at solar noon ± 30 min on six bagged leaves per treatment. To ensure equilibrium between the leaf and the stem attached to it, leaves located near the main trunk were enclosed in foil-covered bags 2 h before measurement, as described by Shackel et al. (1997) .
Leaf conductance was measured weekly with a steady-state porometer (LI-1600, Li-Cor, Lincoln, NE). Measurements were made on nine mature sunlit leaves per treatment during a 1-h period around solar noon. Leaf net CO 2 assimilation rate (A n ) was measured on nine fully mature sunlit leaves per treatment with a portable infrared gas analyzer (Model LCA-4; Analytical Development, Hoddesdon, U.K.) at midday on July 20.
To evaluate the effects of the different treatment combinations on soil water content, soil samples were taken on three dates: before treatment application; in the middle of Stage II; and at harvest. Samples were taken at one location per treatment combination and replication-block, and at a distance of 15 cm from the trunk (pipeline) in the area between the drippers and at several different depths within the root zone (20, 40, 60 and 80 cm) . Samples were extracted with a soil auger with a removable sleeve and immediately weighed. The dry mass of each sample was calculated after drying to constant mass in a forced convection oven at 105°C. The percentage of soil water content was calculated on a gravimetric basis (θ g ).
Fruit fresh and dry masses were measured on May 3 (Stage I), June 8 (Stage IIa), July 6 (Stage IIb) and August 10 (harvest) (n = 72 fruits treatment -1 ). Dry mass of each sample was determined after drying to constant mass at 70°C. Fruit dry mass growth rates were calculated as the amount of dry mass accumulated per day during each period, defined by the date of collection of the fruit sample. At harvest, the number of fruits per tree was recorded for each experimental tree.
Analysis of data
When no significant root pruning effects were observed, unpruned and pruned trees were considered a single population within their respective fruit thinning treatments. Treatment effects on g l and A n were examined by analysis of variance (ANOVA). Relationships between Ψ stem and g l were evaluated by regression analysis for the different fruit thinning treatments. To compare the influence of fruit thinning on g l independently of changes in tree water status, normalized leaf conductance (g ln ) was calculated as the g l value observed at a Ψ stem of -1.2 MPa. Differences in g ln and Ψ stem between treatments were calculated as differences between treatment means. Relationships between the number of days after fruit thinning and differences between treatments for g ln and mean Ψ stem were evaluated throughout the fruit growing season.
Relative Ψ stem for the root pruning treatment is a recalculated Ψ stem value for DI-T-P and DI-NT-P treatments so that, on the day before root pruning, they have the same mean value as their homologous treatment without root pruning (DI-T-NP and DI-NT-NP). This was achieved by subtracting the initial difference before treatment application (DI-T-NP minus DI-T-P and DI-NT-NP minus DI-NT-P) from the mean values for DI-T-P and DI-NT-P, respectively. Statistical significance of the effects of the different treatment combinations was determined by Duncan's means separation test whenever ANOVA effects were significant.
Results
Fruit thinning and tree water status
Deficit irrigation caused an immediate reduction in Ψ stem compared with the control irrigation treatment independently of the fruit thinning and root pruning treatments ( Figure 1A ). The mean decrease in Ψ stem in unthinned trees during Stage II caused by DI was 0.38 MPa ( Figure 1A) . Fruit thinning at the onset of Stage II and in the middle of Stage II was associated with a progressive increase in Ψ stem compared with unthinned trees ( Figure 1A) , and the increase was independent of the irrigation treatments, but differences were more evident in DI trees than in CI trees ( Figure 1A ). Compared with unthinned trees, the mean increase in Ψ stem in thinned trees during Stage II was 0.14 MPa ( Figure 1A ). During Stage II of fruit development, DI trees, regardless of fruit load, showed no significant vegetative development (results not shown). Leaf conductance responses to the DI and the fruit thinning treatments were more apparent at the beginning of the DI treatment than at the end of the DI treatment, though they more or less tracked the treatment responses observed in Ψ stem ( Figure 1B) . The effects of the irrigation and fruit thinning treatments were less evident during Stage IIb than during Stage IIa, which included a week when irrigation was withheld ( Figure 1B) .
Leaf conductance responses were significantly correlated with Ψ stem responses to irrigation treatment, but this correlation varied according to the fruit thinning treatment (Figure 2 ). The effect of fruit thinning was manifested on several days (June 22, June 30 and August 3) by a more negative slope for g l versus Ψ stem , although such slope changes were evident several days after application of the fruit thinning treatments (Figure 2B, 2C and 2F ). On July 20, A n and g l were significantly reduced in response to the fruit thinning treatments; however, this reduction was independent of the irrigation treatment (Table 1). The DI treatment reduced A n by 15% compared with control values (Table 1) .
Daily patterns of water stress alleviation
Differences in Ψ stem between thinned and unthinned trees increased with time reaching a maximum 40 days after fruit thinning ( Figure 3A) , beyond which time the differences tended to TREE PHYSIOLOGY ONLINE at http://heronpublishing.com decrease progressively ( Figure 3A ). When normalized, differences in g ln between thinned and unthinned trees exhibited a different behavior from that observed for differences in Ψ stem between the same treatments ( Figure 3 ). Differences in g ln increased immediately after fruit thinning, then flattened off about 25 days after fruit thinning and remained relatively constant thereafter ( Figure 3B ).
Root pruning
Because root pruning was not applied until the middle of Stage II, initial differences in Ψ stem between treatment combinations were apparent before the application of root pruning ( Figure 4A ). In general, the effect of root pruning on mean Ψ stem was slight ( Figure 4A ). Root pruning did not significantly affect g l (data not shown) and only reduced Ψ stem in the case of unthinned trees in the DI treatment on one measurement day 2 weeks after root pruning ( Figure 4A ). However, when Ψ stem was expressed as change relative to identical initial values for the thinned and unthinned treatments, the effect of root pruning was clearer ( Figure 4B ). There were significant differences in relative Ψ stem in both thinned and unthinned trees ( Figure 4B ), and these differences were observed earlier and disappeared sooner in thinned trees than in unthinned trees ( Figure 4B ).
Soil water content
Before applying the treatments, θ g indicated that the upper soil layers (20-40 cm) were wetter than the lower soil layers (60-80 cm) (dashed line in Figure 5 ). The DI treatment signif- Table 1 . Mean net photosynthetic rate (A n ; µmol m -2 s -1 ) and mean leaf conductance (g l ; mol m -2 s -1 ) in Pyrus communis trees on July 20 in response to combinations of fruit thinning and irrigation treatments. Because root pruning treatments showed no significant effects, data from these treatments were combined with each respective fruit thinning treatment. Within a column, means followed by different letters are significantly different at P < 0.05 according to Duncan's test. Treatment abbreviations: control (CI) or deficit irrigation (DI); and thinned (T) or unthinned (NT). Figure 5 ). The effects of fruit thinning on θ g were not statistically significant in either irrigation treatment ( Figure 5 ). However, a significant negative correlation was observed between increasing fruit load and changes in θ g during Stage II in DI trees ( Figure 6 ). Root pruning and the date of fruit thinning did not significantly affect θ g at the end of Stage II (results not shown).
Fruit growth
Root pruning did not significantly affect seasonal patterns of growth in fruit fresh or dry mass (results not shown). Irrigation and crop load had significant effects on fruit fresh mass growth ( Figure 7 , Table 2 ). At harvest, thinned trees receiving full irrigation (CI-T) had the highest values for individual mean fresh fruit mass, whereas unthinned trees in the deficit irrigation treatment (DI-NT) had the lowest values ( Figure 7 , Table 2 ). Mean individual fruit dry mass at harvest was significantly higher in trees subjected to fruit thinning at the onset of Stage II compared with unthinned trees (Figure 7 , Table 2 ). Even when fruit thinning in the DI treatment was delayed until only one month before harvest (DI-T-Stage IIb), fruit dry mass at harvest was significantly increased ( quadratic polynomial function (Figure 8) . However, the response curve was steeper in unthinned trees than in thinned trees, indicating that fruit growth was less sensitive to Ψ stem on thinned trees than on unthinned trees (Figure 8 ). The mean Ψ stem for thinned trees changed by 0.14 MPa, from -1.2 to -1.06 MPa, corresponding to the means of thinned and unthinned DI trees, respectively. It was possible to split the total reduction in fruit dry mass growth rate into two components: fruit competition and water status. In unthinned trees, increased water status was associated with an increase in fruit dry mass growth of 10% (β in Figure 8 ). When we analyzed the fruit competition component by comparing unthinned and thinned fruit dry mass growth responses of unthinned and thinned trees to the mean Ψ stem of -1.06 MPa (Figure 8 ), we 1380 MARSAL, MATA, ARBONES, DEL CAMPO, GIRONA AND LOPEZ TREE PHYSIOLOGY VOLUME 28, 2008 Figure 6 . Relationship between fruit count per Pyrus communis tree subject to deficit irrigation (DI) and soil water depletion in the upper section (depth of 20 to 60 cm) of the soil profile during Stage II of pear development. Each observation is the estimate for a single probe. Figure 7 . Seasonal patterns of Pyrus communis mean individual fruit (A) fresh mass and (B) dry mass in response to irrigation and fruit thinning treatments. Because root pruning treatments had no significant effects, data from these treatments were combined with the corresponding irrigation + thinning treatment. Each value is the mean of 72 fruits. Treatment abbreviations: control (CI) or deficit irrigation (DI); and thinned (T) or unthinned (NT). Table 2 . Mean cropping rates (crop load; number of fruit tree -1 ) and mean fresh and dry fruit mass (g) of Pyrus communis trees at harvest in response to the different treatments applied. Because root pruning treatments showed no significant effects, data from these treatments were combined with each respective fruit thinning treatment. Within a column, means followed by different letters are significantly different at P < 0.05 according to Duncan's test. Treatment abbreviations: control (CI) or deficit irrigation (DI); thinned (T) or unthinned (NT); and delayed thinning until the onset of Stage IIb (T-Stage IIb).
Treatment
Crop Figure 8 . Relationship between Pyrus communis midday stem water potential (Ψ stem ) and fruit dry mass growth rate during Stage II of fruit development, and components responsible for improving fruit growth rate in thinned trees. Because root pruning treatments had no significant effects, data from these treatments were combined with the corresponding irrigation + thinning treatment. Abbreviations: ∆Ψ is the increase in water potential in response to fruit thinning under DI-NT conditions; β is the increase in growth rate associated with ∆Ψ; and α is the increase in growth rate associated with the reduction in fruit competition in thinned trees. Each value is the mean of an elemental plot. Treatment abbreviations: control (CI) or deficit irrigation (DI); and thinned (T) or unthinned (NT).
found that pear dry mass growth increased by 12% (see α in Figure 8 ). Thus the composite effect of fruit thinning reduced fruit dry mass growth rate by 22% compared with the maximum potential for fruit growth of 0.47 g day -1 (Figure 8 ).
Discussion
Fruit growth
It was assumed that an improvement in tree water status in response to water stress mitigation practices would increase fruit growth. Our results demonstrate that, in pear, the water stress mitigation effects derived from fruit thinning increased fruit dry mass (Figure 7 ). The benefit of fruit thinning on fruit growth was not solely related to a reduction in fruit competition for photoassimilates but also to an associated improvement in tree water status, which had a comparable influence on fruit growth (Figure 8 ).
Fruit thinning and tree water status
Fruit thinning in pear trees does not always improve tree water status (Naor 2001) . Naor (2001) reported that g l was unaffected by fruit load during drought, which could explain why the observed no improvement in tree water status in response to fruit thinning. In our case, fruit thinning not only improved Ψ stem in DI trees, but the physiology of the trees also changed. Fruit thinning reduced A n and g l , and changed the relationship between g l and Ψ stem ( Figures 1A, 1B and 2) , suggesting that the sensitivity of stomata to water stress may have increased at low fruit loads. This apparent change in stomatal sensitivity could be a consequence of a carbon feedback mechanism, resulting in higher g l at high fruit loads despite the increase in water stress (Figure 2 ). An effect of carbon demand on A n in response to fruit load is supported by our finding that A n decreased with low fruit load (Table 1) .
Daily patterns of water stress alleviation
The contribution of the adjustment in g l to fruit-thinned trees was not entirely related to the increase in Ψ stem , because the time courses of g ln and Ψ stem after fruit thinning were not identical (Figure 3 ). Although g ln increased with time until 20 days after fruit thinning and the increase was maintained thereafter, the beneficial effect of fruit thinning on Ψ stem tended to be lost 40 days after fruit thinning (Figure 3 ), indicating that g l adjustment was not directly related to the increase in Ψ stem after fruit thinning, and that other factors should be invoked to explain the Ψ stem behavior. Despite the transitory increase in Ψ stem and the finding that maximum effects were not obtained immediately after fruit thinning (Figure 3) , delaying fruit thinning until the onset of Stage IIb (DI-T-Stage IIb) reduced the increase in fruit fresh mass at harvest (Table 2, Figure 1A ). This highlights the importance of the timing of fruit thinning to achieve maximum fruit growth. This timing is related not only to the duration of the low crop load but also to the way in which water status changes with time.
Root pruning
Although the effects of root pruning were mild and transitory, the treatment affected Ψ stem but not fruit growth (Figure 4) . Similar responses to root pruning were found by Asin et al. (2007) . However, the literature includes data reporting significant effects of root pruning on fruit growth where pruning was more intense than in our study (Schupp and Ferree 1987) . The transitory effects of root pruning on Ψ stem were influenced by fruit load; trees with high fruit loads seemed to recover less from the effects of root pruning on Ψ stem than trees with low fruit loads (Figure 4) . This difference in response could be related to changes in root regrowth capacity after pruning. A low fruit load enhances root growth in fruit trees (Marsal et al. 2003) , even in midsummer when conditions for root growth are unfavorable (Williamson and Coston 1989 , Comas et al. 2005 , Basile et al. 2007 . During the first weeks, the effects of fruit thinning on Ψ stem may partly result from the reduction in g l and an increase in root growth. The effects of the root pruning treatment on Ψ stem were transitory, lasting less than 30 days (Figure 4 ).
Soil water content
The effect on Ψ stem of reducing irrigation from C to DI was substantially greater in unthinned trees than in thinned trees (0.38 versus 0.14 MPa) ( Figure 1A ), which may explain why, unlike the DI treatment, fruit thinning had little effect on soil water content throughout the soil profile ( Figure 5 ). Nonetheless, fruit number per DI tree was significantly and negatively correlated with soil water depletion in the upper layers (depths of 20-60 cm) of the soil profile ( Figure 6 ). The significance of such a relationship indicates that the effect of fruit thinning on tree water status was not only related to changes in stomata behavior, or increased root growth, but also to a soil water conservation factor, which could result from decreased g l and perhaps decreased tree water consumption at low fruit loads.
In conclusion, there seem to be two phases of Ψ stem recovery after fruit thinning in DI trees: (1) an initial increase in Ψ stem (lasting for 30 to 40 days) due to a progressive reduction in g l and perhaps also an increased influence of root growth on the tree water balance; and (2) a second phase, beginning 40 days after fruit thinning, in which the previous improvement in plant water status is gradually reversed despite the persistence of the reduction in g l . We conclude that the alleviation of water stress associated with fruit thinning is complex and includes a leaf conductance adjustment and a soil water conservation factor. A root growth component is hypothesized as a mechanism to explain the bimodal response of Ψ stem to fruit thinning in DI trees.
